ABSTRACT The relationship between different release densities of sterile ßies and ßy trap captures, expressed as ßies per trap per day, in the monitoring of Anastrepha ludens (Loew) populations was evaluated in mango orchards. The induction of sterility in fertile females was evaluated using different ratios of sterile: fertile males under Þeld cage conditions. A direct relationship between recaptured ßies and densities of release sterile ßies was found. However, trap efÞciency, expressed as percentage of recaptured ßies, decreased as the density of released ßies increased. Sterility induction was positively correlated to the ratio of sterile: fertile ßies. A signiÞcant difference in egg fertility among treatments was observed. The trajectory of sterility induction slowed down after a sterile: wild ratio of 30:1, which suggests that this ratio could be appropriate in an sterile insect technique program with A. ludens. Sterility induction was greater when only sterile males were released than when releasing both sterile males and females, but the differences were not signiÞcant. Our Þndings contribute to a better interpretation of ßy captures obtained from the Þeld trapping networks, and to an improvement in the efÞciency of sterile insect technique against A. ludens fruit ßies, through the implementation of more rational sterile ßy release densities.
The sterile insect technique (SIT), also known as "autocidal control," is an environmentally friendly pest control method currently used against many species of fruit ßies (Klassen 2005) . The idea of using SIT was conceived in the 1930s, tested in the 1950s (Knipling 1955) , and is currently successfully applied against the screwworm ßy, some species of fruit ßies, tsetse ßies, and several species of Lepidoptera (Klassen and Curtis 2005) .
In Mexico, the SIT has been used against fruit ßies for more than three decades. It was Þrst used to prevent the Mediterranean fruit ßy, Ceratitis capitata (Wiedemann), entering Mexican territory (Schwarz et al. 1989 , Enkerlin 2005 , and later to suppress and eradicate native Anastrepha fruit ßies in selected areas (Reyes et al. 2000 , Enkerlin 2005 , Gutié rrez 2010 . For this purpose, the Mexican government (SENASICA-SAGARPA) built a fruit ßy mass-rearing facility, located in Metapa, Chiapas, that currently produces 170 million sterile Mexican fruit ßies, Anastrepha ludens (Loew), and 40 million sterile West Indies fruit ßies, Anastrepha obliqua (McQuart), per week (Artiaga-Ló pez et al. 2004 , Domṍnguez et al. 2010 ) . Sterile ßies are shipped as pupae to different locations in Mexico, where the adults emerge in specially adapted facilities and later released by aircraft (FAOÐIAEA 2007 , Gutié rrez 2010 .
The main goal of the SIT is to induce sterility in wild pest populations to suppress or eradicate those populations (Hendrichs et al. 2002) . This technique is based on theoretical models, initially developed by Knipling (1955 Knipling ( , 1959 , and further developed and improved by others (Barclay 2005) . According to the models, a key element of the technique is to establish an effective sterile to wild ratio to achieve the desired suppression and eradication effect.
In its practical application, the SIT still faces some challenges that need to be addressed. For example, in the case of Anastrepha fruit ßies, there is no practical and reliable method for estimating the density of wild populations in the Þeld (Aluja 1994) . This affects the capacity to determine the sterile ßy release densities required to achieve the effective sterile to wild ratios for suppression or eradication of wild populations. The current method to estimate wild populations is based on adult captures in trapping networks that provide relative information on the presence and seasonal abundance of wild ßies (FAOÐIAEA 2005) . The sterile to wild ratio is determined by the number of captured wild and sterile ßies per trap per day (FTD), and can be estimated for speciÞc times and areas. The release densities of sterile ßies are adjusted according to the size of the estimated wild population and the intended 1 Programa Moscafrut SAGARPA-IICA, Camino a Los Cacahotales S/N, CP 30860, Metapa, Chiapas, Mé xico.
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ratios. This method has been useful in SIT operational programs. However, to optimize the application of the SIT, it is necessary to develop a method to better estimate wild population densities in the Þeld as well as to determine the degree of induced sterility in wild populations with a given sterile to wild ratio. With this in mind, we conducted open-Þeld and Þeld-cage experiments with the following goals: 1) to estimate the relationship between A. ludens population densities and the FTD index; 2) to estimate trap efÞciency; 3) to determine the relationship between the sterile: wild ratio and the induction of sterility in the target population; and 4) to compare the effect of releasing both male and female sterile ßies jointly with the release of sterile males only.
Materials and Methods
Biological Material. Fertile and sterile mass-reared adults of A. ludens used in this study were obtained in the pupal stage from the Moscafrut facility located in Metapa, Chiapas, Mexico, where this species is massreared according to the procedures described by Domṍnguez et al. (2010) .
Study Site. This work was carried out in seven mango orchards (ÕAtaulfoÕ) located in the coastal area of Chiapas, Mexico, near to Tapachula city. Mean altitude was 118.05 m above sea level. This area has a tropical climate with an annual rainfall of 2,237.7 mm and a rainy season from late April through November. The mean annual temperature is 26.8ЊC, with April and May being the hottest months (Garcṍa 2004) .
Relationship Between Fly Densities and Trap Captures. The releaseÐrecapture method was used to estimate the relationship between the density of the wild ßies and trap captures (Bloem et al. 1994 , Hernán-dez et al. 2007 ). Six densities were tested: 0, 30, 100, 300, 1,000, and 3,000 adults per hectare.
Each week 30,000 sterilized pupae were placed in plastic containers inside a 65-by 65-by 45-cm wire frame mesh-covered cage. Emerged adults were kept under laboratory conditions (24 Ϯ 2ЊC, 70 Ϯ 5% relative humidity [RH] ) and were fed ad libitum with dry food (3:1 mixture of sugar and hydrolyzed yeast [MP Biomedicals, LLC, Santa Ana, CA]). Water was supplied in vials with cotton wicks. Six day old ßies were separated into batches of 30, 100, 300, 1,000, and 3,000 adults with a 1:1 sex ratio. Each group of ßies was placed in a 30-by 30-by 30-cm wood frame meshcovered cage, to be transported for Þeld releases.
The seven mango orchards were divided into six plots of 1 ha each. A 3 by 2 plot arrangement was used in each orchard, with 80 m between plots. Each plot was an experimental unit, where one of the six densities (including the zero release control) was released. Each orchard was a replicate. At the center of each plot, sterile ßies were released every 15 d from early May to late September (after the fruiting season). Ten releases were made, rotating the different treatments randomly among plots in each orchard.
To recapture sterile ßies, one Multilure trap (Better World Manufacturing, Inc., Fresno, CA) per plot was hung in a tree at 7.5 m from the release point. Traps were baited with 10 ml of hydrolyzed protein Captor 300 (Promotora Agropecuaria Universal, S. A. de C. V., Mexico City, Mexico), plus 5 g of borax and 235 ml of water. They were placed 1 d after the release of sterile insects, and were inspected 6 and 13 d after each release. One day before the next release, the traps were removed from the orchard to avoid interference with the dispersal of the next group of released ßies.
Trapped ßies were placed in 20-ml ßasks with 70% alcohol and transported to the laboratory for identiÞcation and counting. For each release and treatment, the numbers of recaptured ßies were transformed to FTD and this Þgure was correlated with the numbers of sterile ßies released. Trap efÞciency was calculated as the proportion of adults recaptured from the number of sterile ßies released in each plot.
Sterility Induction Under Field-Cage Conditions Using Different Sterile: Fertile Ratios. Batches of both fertile and sterilized pupae were placed in 50-by 50-by 50-cm wood frame mesh-covered cages and kept at 25ЊC in the laboratory. At emergence, adults were sorted by sex and placed in 30-by 30-by 30-cm wire frame mesh-covered cages. Flies were fed with a mixture of 100 g of sugar, 4.2 g of hydrolyzed yeast, 4 g of corn starch (Maizena, Unilever de Mexico, S. de R.L. de C.V., Tultitlan, Mexico), and 60 ml of water, impregnated in a strip of craft paper (Hernández et al. 2009 ). Water was provided through vials with cotton wicks. To assure sexual maturity, ßies were maintained under laboratory conditions (25 Ϯ 2ЊC, 60 Ϯ 10% RH, and a photoperiod of 12:12 [L:D] h) for 10 d.
Sterility induction was estimated using four sterile: fertile ratios: 3:1, 10:1, 30:1, and 100:1, plus a control without sterile ßies. The effect of sterile males only, and both sterile males and females jointly, was compared. Before release, ßies were distributed in batches of 150, 500, 1,500, and 5,000 males, and batches of 300, 1,000, 3,000, and 10,000 ßies (1:1 male: female ratio).
Sexually mature 10-d-old ßies were released in 5 by 5 m Þeld cages (diameter by height) each of which completely enclosed one mango tree. In each cage, 50 fertile males and 50 fertile females, and the corresponding number of sterile males, or males and females, were released. Water and a 3:1 mixture of sugar and hydrolyzed yeast were supplied in each cage. Two days after the release, 15 artiÞcial oviposition devices (2-cm-diameter agar spheres made with 80 g of agar and 3 liters of water, dyed with green food coloring and wrapped with ParaÞlm membrane; Freeman and Carey 1990) were hung on each caged mango tree. The artiÞcial oviposition devices were replaced every 24 h for three consecutive days. These artiÞcial oviposition devices were transported to the laboratory in Styrofoam boxes. Eggs were collected from the oviposition devices and placed on a piece of black cloth over a moistened sponge in a petri dish and incubated at 26ЊC to allow egg hatch. Fertility was estimated as the percentage egg hatch from a sample of 100 eggs. Maximum egg hatch was recorded on the sixth day after egg collection. Ten replicates were carried out.
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Data Analysis. Trap efÞciency was deÞned as the percentage of released ßies recaptured, and the FTD index was calculated for each release density. FTDs were compared by the KruskalÐWallis test (P Յ 0.05). The percentage recapture was related to the release density by a power function regression, while the relationship between FTD indices and release densities was adjusted to a linear regression.
To analyze the induction of sterility, egg hatch was corrected for each sterile: fertile ratio as a function of egg hatch in the control using AbbottÕs formula (Abbott 1925): Corrected Hatch ϭ 100 Ϫ ([hatch in the control Ϫ observed hatch] by [hatch in the control]) ϫ 100.
The corrected egg-hatch rate was arcsine-transformed, and subjected to a 4 by 2 factorial analysis with density and one or two sexes as factors, and comparison of means was by TukeyÕs multiple comparison test (P Յ 0.05). To determine the relationship between fertility and the sterile: fertile ratio, power regressions were applied for both the joint release of males and females, and the release of males only. All analyses were conducted using the SAS Institute (2002) program.
Results

Relationship Between Fly Densities and Trap Captures.
There were signiÞcant differences between the different release densities in both FTD (H ϭ 22.9; df ϭ 4; P Ͻ 0.001) and trap efÞciency (H ϭ 15.7; df ϭ 4; P ϭ 0.004). A direct relationship was observed between the number of recaptured ßies (measured as FTD) and release density (F ϭ 1285.3; df ϭ 1, 3; P Ͻ 0.001; Fig. 1 ), which was Þtted to a linear regression (FTD ϭ 0.045 ϩ 0.0005 ϫ density). This relationship applies under these speciÞc experimental conditions. Trap efÞciency, expressed as percentage recapture, decreased as release density increased. The relation was closely Þtted to a power regression (y ϭ 4.243x Ϫ0.346 ; F ϭ 7.5; df ϭ 1, 3; P ϭ 0.071).
Sterility Induction Under Field Cage Conditions. There were signiÞcant differences in fertility rates from the different sterile: fertile ratios, both when releasing males and females jointly and when releasing males only (F ϭ 13.53; df ϭ 7, 56; P Ͻ 0.001). The interaction between density and strain was not significant (F ϭ 0.34; df ϭ 3, 56; P ϭ 0.800). The difference among sterile: fertile ratios was signiÞcant (F ϭ 30.89; df ϭ 3, 56; P Ͻ 0.001); there were signiÞcant differences between 3:1 and the other ratios, and between the ratios 10:1 and 100:1 (Fig. 2) . Male-only releases resulted in lower fertility levels than when both sexes were released jointly; however, the differences were not signiÞcant (F ϭ 1.03; df ϭ 1, 56; P ϭ 0.316).
Discussion
Accurate assessments of wild populations for SIT application against fruit ßies remains a challenging task. Current trapping systems used to monitor fruit ßy adults in the Þeld only provide relative information on the density and distribution of wild populations (Baker et al. 1986, Lance and Gates 1994,) . Hendrichs et al. (2005) pointed out that factors related to the biology and ecology of the pest, including population density, mobility, lifespan, and some environmental factors such as topography, vegetation, host availability, and climate conditions, inßuence the capacity to monitor pest populations. However, the releaseÐr-ecapture method, with its limitations, has been a practical and useful means for action programs to estimate the relative size of wild populations, which according to Taylor et al. (1991) , could be useful to determine the infestation levels and potential damage caused by the pest.
Our results present a Þrst attempt to provide some insight in relation to aspects concerning Anastrepha fruit ßy populations and their implications in SIT programs. We found that fruit ßy captures in traps, expressed as FTD, were closely related to release densities of sterile ßies. In Lucilla cuprina (Wiedemann), Readshaw (1982) found a close relationship between ßy density and daily trapping rate. Our results provide a Þrst attempt to relate A. ludens trap captures with population density under the tropical environmental conditions in mango orchards in Chiapas, Mexico. A relatively accurate estimation of the size of the wild population will contribute to better determination of the number of sterile ßies required for SIT application.
Our results conÞrm that trap efÞciency for A. ludens is low; the maximum value was Ϸ2%. We observed that trap efÞciency decreased as ßy density increased; this could be attributed to the increasing competition and interferences among conspeciÞc in the proximity of the trap. As suggested by Monro (1966) and Bateman (1972) , the artiÞcially high numbers of sterile ßies in the release areas could decline sharply because they disperse to avoid conspeciÞc crowded spaces.
The sterility induction obtained in this study was positively correlated with the increase in the sterile: fertile ratio. The Þeld-cage study showed that there was a sharp increase in sterility induction with the 3:1 and 10:1 ratios (Fig. 2) . At greater ratios, the increase in sterility induced was minor. The Þeld-cage study suggests that an optimal sterile: fertile ratio in an SIT program with A. ludens should be Ϸ30 sterile ßies per 1 wild ßy. However, a higher ratio may prove to be necessary under open Þeld conditions. Shelly et al. (2005) reported an increase of 6% in egg sterility in C. capitata by increasing the sterile: fertile ratio from 10:1 to 60:1 due to an asymptotic behavior of the relationship, similar to that observed in this work. Barry et al. (2003) reported that ratios of 5:1 or 10:1 showed similar trends. Shelly et al. (2007) observed 79% sterility for 4-d-old sterile males at a 100:1 overßooding ratio; in our experiment, 85% sterility was reached at a 30:1 sterile: fertile ratio and 90% at 100:1. Hendrichs et al. (1995) proposed that sterile male releases at lower sterile to fertile ratios can be used for suppression purposes, rather than for eradication.
The release of males only had a greater impact on egg sterility compared with the release of both sexes together. However, differences were not statistically signiÞcant. The same result was observed by Shelly and Whittier (1996) , who found for C. capitata that mating success of sterile males when releasing males only was no greater than that observed when releasing males and females jointly. These Þndings are contrary to models of male-only releases (Vreysen et al. 2006) and empirical data. Rendó n et al. (2004) found that under open Þeld conditions, C. capitata male-only releases increased the induced sterility in wild populations sixfold compared with the joint release of both sexes. Orozco et al. (2013a,b) found that under Þeld cage conditions, sterile females adversely affected the performance of sterile males in A. ludens when sexes were released jointly. In this study, the presence of females appeared not to make a difference in the degree of sterility induced. However, it must be noted that fertile females were mass-reared, and are not as selective as wild females (Harris et al. 1988 , McInnis et al. 1996 , and Þeld cage conditions could favor females remating with fertile males (Vera et al. 2002) . Previous studies reported that the refractory period (the period between matings) is shorter when females copulated with sterile males than with fertile males (Bloem et al. 1993 , Rull et al. 2005 . Another factor that could explain the lack of a signiÞcant difference between the releases of males only and of both sexes jointly was the large variation observed in egg fertility. A similar trial with a greater number of replicates could possibly result in signiÞcant differences.
According to SIT models (Sawyer et al. 1987 , Barclay 2005 , the levels of sterility induced at sterile: fertile ratios of 30:1 and 100:1, and the demographic parameters of A. ludens (Celedonio-Hurtado et al. 1988 , Liedo et al. 1992 , Liedo and Carey 1994 , indicate that under continuous releases of sterile ßies, eradication will be feasible under these experimental conditions. Of course, many other factors will likely have an effect under natural open Þeld conditions.
Our Þndings contribute to a better interpretation of the FTD population index obtained from Þeld trapping networks, and to an improvement in SIT efÞ-ciency against A. ludens through the implementation of more rational sterile ßy release densities.
